This article provides an overview of current developments with regard to the use of Au I compounds as precursors in the synthesis of Au nanostructures with controlled shapes or morphologies. We begin with a brief description of the difference between Au I and Au III compounds, followed by a discussion on how the solubility and stability of a Au I compound can be improved by forming a coordination complex with a ligand (X). We then focus on a range of recent studies that have been directed towards the use of Au I -X complexes as precursors to elemental Au, in an effort to produce Au nanostructures with a variety of shapes, including icosahedral nanoparticles, truncated decahedrons, nanowires or nanorods, branched nanostructures, hybrid nanostructures, nanoboxes, nanocages, and nanoframes. In these syntheses, the Au I -X complexes offer a number of attractive features for generating Au nanostructures as compared to the conventional Au III compounds, mostly due to their differences in oxidation state and aurophilic effect. The ability to control Au I chemistry therefore provides a great opportunity to systematically investigate the syntheses, physical properties, and applications of Au nanostructures.
Introduction
In the past decade or so, tremendous efforts have been directed toward the design, synthesis, and utilization of noble-metal nanostructures.
1-8 Among various systems, Au nanostructures have received particular interest as a result of their remarkable optical properties, known as localized surface plasmon resonance (LSPR), 5, [9] [10] [11] [12] [13] [14] and their fascinating applications in areas such as surface-enhanced Raman scattering (SERS); 4,15-17 catalysis; [18] [19] [20] [21] [22] [23] [24] [25] [26] sensing; 27-29 optical labelling, tracking, and imaging; drug delivery; cancer diagnosis and treatment; [30] [31] [32] [33] [34] [35] [36] [37] and microelectronics. [38] [39] [40] Since the intrinsic properties of a Au nanostructure is determined by its size, shape, and morphology, it is not surprising that most of the research in this area has been built around the notion of how to control these parameters. To this end, a variety of synthetic methods have been developed for the icosahedra, 69, 72 rhombic dodecahedra, 68 trisoctahedra, 73 and bipyramids 74, 75 ) have also been successfully synthesized. Although both Au III 
Synthesis of solid nanostructures from Au I -X complexes
In this section, we review some of the successful approaches that have been reported for the synthesis of Au solid nanostructures from Au I -X complexes. Although most of the methods discussed here are based on homogeneous nucleation, we also include a few demonstrations based on heterogeneous nucleation, an effective wet chemical method that has enabled the production of coreshell nanostructures with controllable sizes, shapes, and internal structures.
Uniform nanoparticles
Oleylamine was found to be a good complexing ligand for Au I compounds due to its long alkene chain and its amine group. As revealed by the study of the coordination between Au I and C 2 H 4 or NH 3 99 Accordingly, oleylamine (with a C]C bond) can form a more stable complex with AuCl than other alkylamines containing no C]C double bonds, such as octadecylamine. The higher stability of a AuCl(oleylamine) complex could thus lead to better control over particle size due to slower decomposition and thus a slower growth rate for the Au nanoparticles. For example, we have synthesized uniform Au nanoparticles by dissolving 0.02 M AuCl in chloroform in the presence of 0.4 M oleylamine, followed by decomposition at 60 C for 24 h. As shown in Fig. 2A , the resultant Au nanoparticles exhibited a narrow size distribution even without size-selective separation. The average diameter of these Au nanoparticles was 12.7 nm with a standard deviation of 8%. Fig. 2B shows a high-resolution TEM image of an individual nanoparticle, revealing a multiply twinned structure that matches an icosahedron.
Based on the results of both FTIR and mass spectroscopy studies, we obtained a plausible structure for the AuCl(oleylamine) complex, as well as the decomposition mechanism:
When the AuCl(oleylamine) complex was heated to 60 C in chloroform, a slow thermolysis occurred, giving elemental Au and forming dioleylamine via the condensation of oleylamine. The Au 0 atoms nucleated and grew into nanoparticles, whose surface was then passivated and stabilized by oleylamine and dioleylamine (possibly). The mechanism for the formation of dioleylamine can be attributed to the so-called ''aurophilic'' interactions, a strong but non-covalent bonding between the Au I ions. Significantly, nanoparticles of different sizes in the range of 4.1 to 12.7 nm could be readily obtained during the course of the reaction. 80 A combination of Au I halides with oleylamine thus provides a simple and versatile route to the preparation of Au nanoparticles in a hydrophobic system, without the need for any additional reducing agent.
Ultrathin nanowires
As described above, the aurophilic bonding between Au I halides and coordinating ligands (e.g., alkylamine) could lead to the formation of oligomers (dimers or trimers) with inversion symmetry. 98 In the case of AuCl(oleylamine), the linear coordination tends to generate a one-dimensional (1-D), polymeric chain. Because of attractive interactions, such as van der Waals forces, between the side chains, the 1-D structure can further assemble into an ordered mesostructure. Within this mesostructure, the backbones, made of charged Au I , ions are surrounded by alkyl ligands. When the Au I is converted to Au 0 under slow reduction, the nucleation and growth of Au could be mediated by the high-aspect-ratio soft template to generate a 1-D nanostructure (Fig. 3A) . On the basis of this concept, we and several other groups have developed a new method for the synthesis of ultrathin Au nanowires with high yields in hexane.
81
When the reaction was performed with Ag nanoparticles as a reductant and at 60 C, the product was primarily composed of ultrathin nanowires with an average diameter of 1.8 nm and a typical yield of about 70% (Fig. 3B) . Most of the nanowires exhibited a high aspect ratio with a typical average length of 2 mm. Energy dispersive X-ray (EDX) spectroscopy analysis indicated that the nanowires were composed of Au.
81 Fig. 3C shows a high-resolution TEM image, in which both single-crystal and polycrystalline nanowires could be identified. The single-crystal nanowires were grown along the <111> direction, a thermodynamically favorable growth direction. We also found that the ultrathin nanowires were highly susceptible to electron beams. Short exposure under TEM would lead to melting of the nanowires and a change to the lattice orientation. Considering the fact that the polycrystallinity was usually observed at the tips of the broken nanowires, the polycrystalline nanowires observed under TEM might be caused by melting under electron beam heating. In addition, it was noticed that the distance between adjacent nanowires was about 2 nm, close to the value calculated from the chain length of oleylamine, implying that the nanowires were passivated by the alkyl chains. As many metal ions can form complexes with oleylamine, this soft-template-based synthetic strategy for nanowires might be potentially extendable to other systems to generate ultrathin nanowires of other noble metals (e.g., Pt, Ag, and Pd) and even semiconductors. It is generally accepted that the observation and utilization of the size-dependent properties of Au nanostructures requires one to control their diameters in the range of 1-5 nm.
18,55 So, it was expected that these ultrathin Au nanowires with diameters in the sizedependent region would bring in new physical and chemical properties.
Ultrathin nanorods
When the solvent and reducing agent were switched from hexane and Ag nanoparticles to chloroform and freshly prepared amorphous Fe nanoparticles, we obtained ultrathin Au nanorods of 2 nm in diameter. 82 The reaction typically took place under argon flow at room temperature. The growth process was monitored to investigate the growth mechanism for the ultrathin Au nanorods (Fig. 4) . No obvious change was observed within 3 h of the addition of the AuCl(oleylamine) complex into a suspension of the Fe nanoparticles, indicating that the reaction between the Fe nanoparticles and the AuCl(oleylamine) complex was relatively slow. After 12 h, many irregularly shaped Au nanoparticles started to appear (Fig. 4B) . We found that these Au nanoparticles were unstable in the solution. After 48 h (Fig. 4C) , some of them were elongated into nanoparticles with a dumbbell shape. After 96 h (Fig. 4D) , the number of dumbbellshaped Au nanoparticles increased significantly. As the aging proceeded to 144 h (Fig. 4E) , all of the dumbbell-shaped nanoparticles had evolved into ultrathin Au nanorods with a uniform diameter around 2 nm. Obviously, the evolution from defect-rich Au nanoparticles to single-crystal Au nanorods serves as the major driving force. During the aging process, the defected regions of the Au nanoparticles formed in the initial stage would be preferentially etched and oxidized to Au I or Au III at a later stage of the synthesis. These Au ions were reduced again by Fe 0 or Fe II , and the newly formed Au 0 atoms were deposited epitaxially onto the defect-free regions on the Au nanoparticles. With the aid of oleylamine, the growth was confined to the <111> direction (Fig. 4F) . 82 Continuous etching and deposition eventually reshaped the nanoparticle into a nanorod. Thus, the key to initiate the growth of ultrathin Au nanorods was to generate Au nanoparticles rich of defects in the initial stage, following by a slow Ostwald ripening process.
Branched nanostructures
Besides the use of a template-mediated method based on the strong aurophilic interactions, one can synthesize Au nanostructures with predictable morphology from a AuCl(oleylamine) complex by employing inorganic nanostructures as a sacrificial, hard template. Recently, we reported a facile method for the synthesis of Au multipod nanostructures with a highly branched morphology using a reactive and self-destructive template.
83 Fig. 5 shows a set of TEM images, illustrating our strategy for generation of Au branched nanostructures. The key component is a three-dimensional template consisting of uniform magnetic Fe nanoparticles, which spontaneously forms on the surface of a magnetic stirrer bar. Upon the addition of AuCl(oleylamine), this molecular species quickly diffuses into the void space among the Fe nanoparticles and reacts with Fe through a galvanic replacement reaction:
The resultant Au atoms then start to nucleate and gradually fill the voids among the Fe nanoparticles as the reaction proceeds (Fig. 5B) . As the Fe nanoparticles are reduced in size by the replacement reaction, their magnetic moments are also reduced accordingly, and eventually the lattice falls apart to release the Au nanostructures (Fig. 5C ). Samples of pure Au multipods could be obtained by selectively dissolving the remaining Fe nanoparticles in H 2 SO 4 , followed by centrifugation (Fig. 5D) . It was found that the oxidation state of Au also played a critical role in the formation of branched Au multipods. When a AuCl(oleylamine) complex was replaced by the same molar amount of HAuCl 4 , some small Au nanoparticles and L-shaped bipods were observed. 83 In this case, the oxidation of one Fe atom to Fe 3+ could only generate one Au atom so that the net volume expansion for the system was negligible. As a result, the Au nanostructures that formed in the voids could not effectively push and loosen the aggregation of the surrounding Fe nanoparticles to grow into a multipod structure. The L-shaped bipods might be formed through the galvanic replacement reaction of Au 3+ and Fe along the surface of some active Fe nanoparticles. It is worth noting that this approach to branched Au nanostructures is somewhat similar to those reported in previous studies that used the voids in crystalline lattices of latex spheres to produce inverse opals or large anisotropic colloidal particles. [100] [101] [102] The major difference lies in the fact that the template we used was directly involved and spontaneously disassembled during the reaction.
Truncated decahedral nanoplates
With regard to crystal growth, a pre-formed nanocrystal with a well-defined crystallinity and shape can serve as a seed for the heterogeneous nucleation and addition of newly formed atoms. When the added atoms have the same crystal structure and lattice constant as the seed, the crystal structure of the seed can be transferred to the entire nanocrystal via epitaxial growth, albeit the shape of the final nanocrystal may deviate from that of the initial seed due to the crystal habit governed by the growth rates of different crystallographic facets. 103 This approach involving seed-mediated growth offers an alternative way for generating uniform nanocrystals by taking advantage of the absence of homogenous nucleation during the growth step. Intuitively, the Au I -X complex can serve as a good precursor in a hydrophobic system for the synthesis of Au nanostructures. Most recently, we have successfully incorporated the AuCl(oleylamine) complex into a seed-mediated growth procedure. 84 In a typical process, Au seeds prepared by reducing AuCl(oleylamine) with a tertbutylamine borane complex (TBAB) were injected into a solution containing AuCl(oleylamine) complex in tetrahydrofuran under magnetic stirring at room temperature. After 24 h growth, the major products were found to have a new morphology, as shown in Fig. 6 . It is clear that there is a five-fold rotational symmetry marked by twin boundaries that originate from the centre of the nanoparticle. Note that the quasi-pentagonal shape is different from a regular decahedron or other previously reported decahedra (e.g., the Marks decahedron, round decahedron, or star decahedron). The high-resolution TEM studies from both the top and side view demonstrated that the particles were truncated decahedra with a plate-like shape. Two types of truncation were observed on the {110} facets, i.e., parallel and perpendicular to the twin axis. Although a detailed mechanism for the formation of decahedral Au nanoplates with selective truncation on {110} facets is not clear, it is suggested that the C]C bond of oleylamine plays a critical role in selectively stabilizing these active facets. We expect that this approach, based on both the seed-mediated growth from Au I and selective capping properties of complexing ligands, could be utilized to further control the shape and morphology of Au nanostructures by taking advantage of the rich variation in ligand type.
Hybrid nanostructures
It will be advantageous to have hybrid nanostructures in which different components are spatially well defined and positioned.
104
Along this line, we and other groups have developed a number of methods for generating ''hybrid nanocrystals'' containing domains made of Au and a semiconductor. For example, we have shown that Au I -SC 12 H 25 could be used as a precursor for growing Au nanocrystal(s) on the surface of a semiconductor nanocrystal. In a typical example, wurtzite CdSe quantum dots with a size of 3.4 nm were prepared and then used as seeds.
105-107
The dimer nanocrystals were then prepared via heterogeneous nucleation of Au on the CdSe quantum dots (Fig. 7) . Because of the small curvature radius and the large surface energy of the CdSe quantum dot, it can reasonably act as an efficient redox catalyst for Au I -SC 12 H 25 reduction, as the energetic barrier for heterogeneous nucleation is much lower than that for homogeneous nucleation. Two factors prevent the formation of a shell on the surface of a CdSe quantum dot: (i) the large lattice mismatch and interfacial energy between CdSe and Au; and (ii) the selfcatalytic reduction of Au I on the existing Au clusters. Therefore, a dimer structure would be formed under a sufficient supply of thermal energy, in which the two materials are phase segregated into two different domains. The sizes of the Au and CdSe domains could be controlled independently by varying a number of reaction parameters, such as the size of the initial CdSe seed, and the ratio of Au I -SC 12 H 25 to the CdSe seeds. 92 These hybrid nanostructures would exhibit a combination of the properties of each individual material, and new properties could also arise from their interactions, such as the effective charge separation.
92
Besides the case of CdSe, Au I -SC 12 H 25 has also been explored as a generic precursor for fabrication of hybrid nanostructures from many other pre-existing nanomaterials, including PbSe, FePt, and Cu 2 O nanocrystals. Subsequently, seeds were added to initiate the anisotropic growth of Au nanorods. This multi-step seeding protocol was used to yield both short Au nanorods and long Au nanowires (Fig. 8) . 109, 110 The rod-like micelles of CTA + were assumed to serve both as a complexing ligand for Au I associated with a chloride ion, and as a soft template for the growth of Au nanorods.
111 Note that the Au nanorods or nanowires consist of an elongated variant of a cyclic penta-tetrahedral twin crystal, in which the five {111} twin boundaries are radially arranged along 112 This is different from the case of ultrathin Au nanorods or nanowires synthesized from a AuCl(oleylamine) complex in an organic solvent, in which only the single-crystal nanostructures were found.
82
It has been demonstrated that Au nanorods typically display two plasmon bands (one in the visible and another in either the visible or near-infrared, NIR) that are tunable depending on the dimensions of the nanorods. 110 These two bands correspond to the short-axis (transverse) and long-axis (longitudinal) plasmon modes. Based on the plasmon band properties, El-Sayed's, Murphy's, and many other groups have attempted to use Au nanorods for photothermal therapy and cancer cell imaging. 34, 36, 119 due to their tunable optical properties and large surface areas. Among various synthetic approaches to hollow Au nanostructures, the galvanic replacement reaction represents the most versatile route. In this case, when an aqueous suspension of Ag nanocubes is titrated with an aqueous solution of AuCl 4 À , the galvanic replacement reaction between these two species occurs spontaneously, leading to the formation of Au nanoboxes and eventually nanocages with porous walls:
This reaction follows a template-engaged hollowing-out mechanism.
120 Note that the standard reduction potential of the AuCl 4 À /Au pair (0.99 V vs. SHE) is higher than that of the AgCl/Ag pair (0.22 V). 96 The electrons generated in the oxidation 
The improved utilization efficiency of Ag makes it possible to obtain additional flexibility regarding the morphology and LSPR properties of the resultant hollow nanostructures.
In this section, we review the successful demonstrations that have been reported for the synthesis of Au hollow nanostructures through the galvanic replacement reaction that uses Au I as the precursor. Different to the approach used in Section 3, a saturated aqueous solution of NaCl instead of an organic complexing ligand is typically used to increased the solubility of AuCl in water through the formation of water-soluble NaAuCl 2 . To avoid its disproportionation (eqn (5)), only freshly prepared AuCl 2 À solutions could be used.
4.1. Nanoboxes Fig. 9 compares the reaction details when Ag nanocubes were reacted with AuCl 2 À and AuCl 4 À in which some morphological differences were observed. At the initial stage of the reaction with AuCl 2 À , the Ag nanocubes went through a pitting process in which a pinhole in one of the six {100} faces was observed (Fig. 9A) . As the reaction proceeded, the pinhole disappeared and a void developed, which then enlarged within each nanocube template ( Fig. 9B and C) . In the later stages of the reaction, the template was transformed into a cubic void, yielding nanoboxes (Fig. 9D) . The hollow structures were free of holes in the walls while the corners were slightly truncated. In the case of AuCl 4 À , a small pit was observed on one of the six {100} faces at an early stage (Fig. 9E) . As the reaction proceeded, the interior of the template continuously dissolved to yield a nanobox through a combination of galvanic replacement and alloying between Ag and Au ( Fig. 9F and G) . In the later stages, nanocages having hollow interiors and porous walls were obtained through dealloying of Ag from the walls of the nanoboxes (Fig. 9H) . In view of these differences, AuCl 2 À would be a better choice for the preparation of Au-based nanoboxes without pores in the walls because there was a larger range where the amount of precursor could form nanoboxes compared to AuCl 4 À . 96 Moreover, the nanoboxes produced from the galvanic replacement reaction between Ag nanocubes and AuCl 2 À have thicker walls than in the case of AuCl 4 À . In addition to the morphological changes, the LSPR peaks recorded from the reaction solutions of AuCl 2 À were broader than those for AuCl 4 À . 96 These differences observed in the course of hollow nanostructure formation as well as the LSPR features can be attributed to differences in reaction stoichiometry, accomplished by simply using precursors with different oxidation numbers for gold.
Nanoframes
We also observed that Au nanoframes were formed when the pores on each side face coalesced into a single large hole during the dealloying process of the galvanic replacement reaction between Ag nanocubes and AuCl 2 À (Fig. 10) . 97 When more AuCl 2
À was added to a suspension of Au-Ag alloyed nanoboxes, the removal of Ag and deposition of Au occurred at all sites, and pores appeared at the corners and side faces. As dealloying continued, the pores on the side faces were enlarged while the pores at the corners were reduced in size, implying that the Au atoms were migrating to the more stable {111} facets. Eventually, the pores at the corners were sealed while the pores on all of the side faces were enlarged to the maximum size, resulting in the formation of a cubic nanoframe. 97 One can also easily resolve the hollow structures and determine the thickness of the ridges from the SEM and TEM images of the nanoframes (Fig. 10B and C) . The high-resolution TEM image indicates that the atoms are arranged in a highly ordered lattice with a spacing of 2.04 A, which can be indexed to the {200} planes of face-centered cubic Au (Fig. 10D) . The fast Fourier transform (FFT) pattern revealed that the Au nanoframes were single crystalline in structure. Note that the frame-like nanostructures cannot be achieved if AuCl 2 À is replaced by AuCl 4 À as a precursor to Au atoms, in which case one can only obtain Au nanocages instead.
To determine how size and shape influence the LSPR peak of a Au nanoframe, the scattering spectra of individual nanoframes were calculated in air using the discrete dipole approximation (DDA) method. A correlation was found between the LSPR peak position of a nanoframe and the ratio (R) between the outer edge length (l) and the ridge thickness (t), as shown in Fig. 11A . As the value of R increased, the peak position was red-shifted while the peak intensity slightly increased. To confirm the theoretical calculations, Au nanoframes were deposited on indium tin oxide (ITO)-coated glass substrates and the scattering spectra of single nanoframes were collected in air using an inverted microscope with a transmitted dark-field condenser. In this case, a red-shift was also observed for the LSPR peak as the R value increased, validating the trend found by DDA calculations (Fig. 11C) . This result is sort of expected as a decrease in ridge thickness or an increase in edge length will increase the charge separation, thus reducing the restoring force for electron oscillation and resulting in red-shifting for the resonance peak.
97 The Au nanoframes can also serve as substrates for SERS-based detection (Fig. 11D) , since, with their tunable LSPR peaks which can extend into the near infrared region, they might be good candidates for the detection of molecules in vivo, as the light source in this region can penetrate deeply into soft tissue.
Summary and perspectives
As we have discussed in this article, Au I compounds can serve as precursors for generating Au nanostructures with controllable sizes, shapes, and morphologies. Compared with the commonly used precursors based on Au III compounds, the low oxidation state and aurophilic effect associated with Au I offers a range of advantages: (i) energy saving, as only one electron is need to reduce Au I to Au 0 whereas three electrons are required for Au III and this difference in stoichiometry can also lead to the formation of new morphologies; (ii) easier reduction as the standard reduction potential of Au I /Au 0 is higher than that of Au III /Au 0 ; (iii) better control over morphology as derived from the aurophilic interactions between Au I ions and the complexing ligands; and (iv) in situ capping during the formation of Au nanostructures, as the complexing ligand can be released and used as a stabilizer. However, the solubility of Au I compounds is usually lower than that of Au III compounds in most common solvents, including water. Thereby, in order to expand the use of Au I compounds in conventional solution-phase synthesis, it is necessary to find new ways to improve their solubility. Fortunately, recent studies clearly demonstrate that the problem of low solubility can be more or less solved by forming complexes with a variety of ligands. [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] By employing Au I -X complexes as precursors, a number of novel Au nanostructures have been synthesized, including ultrathin nanorods or nanowires, branched nanostructures, truncated decahedral nanoplates, nanoframes, and Au-semiconductor hybrid nanostructures. These nanostructures will certainly be useful for a range of applications, including nanoelectronics, plasmonics, catalysis, and SERS sensing. As more different types of ligands are being developed for complexation with Au I ions, we can start to address a number of other important issues. For instance, is the shape or morphology of the Au nanostructures a consequence of the interaction between the complexing ligand and the seed particles that are formed in the early stages of a synthesis? Or is it dictated by the conformation of the Au I -X compound (and its self-assembled structures) in the solution, as it has been demonstrated in the synthesis of ultrathin Au nanowires? Another important issue that needs to be addressed in the near future is how to utilize the disproportionation of Au I before and during a synthesis for both nucleation and growth purposes. Based on what has been accomplished for the Au I compounds, it is not hard to conclude that they are a class of potentially more versatile and thus better precursors than Au III compounds for controlled synthesis of Au nanostructures.
